In this review, gas-phase chemistry of interstellar media and some planetary atmospheres is extended to include molecular complexes. Although the composition, density, and temperature of the environments discussed are very different, molecular complexes have recently been considered as potential contributors to chemistry. The complexes reviewed include strongly bound aggregates of molecules with ions, intermediate-strength hydrogen bonded complexes (primarily hydrates), and weakly bonded van der Waals molecules. In low-density, low-temperature environments characteristic of giant molecular clouds, molecular synthesis, known to involve gas-phase ion-molecule reactions and chemistry at the surface of dust and ice grains is extended here to involve molecular ionic clusters. At the high density and high temperatures found on planetary atmospheres, molecular complexes contribute to both atmospheric chemistry and climate. Using the observational, laboratory, and theoretical database, the role of molecular complexes in close and far away is discussed. P lanetary atmospheres and interstellar media have traditionally been lumped together; they are complex dynamical entities whose understanding has been and continues to be a challenge. That this subject is new may be appreciated by the fact that the knowledge that hydrogen is the abundant element of the universe is less than 100 years old. Hydrogen and helium comprise more than 99% of the universe. Thus, interstellar chemistry must be quite different from that of the atmospheres of the minor planets Mars, Earth, and Venus. Conceding the dominance of hydrogen and helium on the cosmic scale and even in the major planets, more complex molecules than H 2 attract our attention and dominate our thinking (1-4).
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An understanding of the chemistry of the universe must involve a wide range of processes. A bit of history with respect to interstellar chemistry is relevant to our perspective. The observed interstellar molecules, CH, CH ϩ , and CN, are quantitatively discussed by Herbig (5) in his classic study of z Oph. These species have optical transitions in spectral regions where Earth's atmosphere is transparent. It was assumed that in interstellar clouds, which were translucent and thus bathed in the galactic radiation field, the major components were atomic. Because the average density of the galaxy is 1 atom cm Ϫ1 (6) three-body processes were readily dismissed. Kramers and ter Haar (7) in 1946 presented a calculation for the formation of CH by the radiative association of C and H, i.e., C ϩ H ϭ CH ϩ photon. In 1951 Bates and Spitzer (8) showed that the CH calculated formation rate was seriously incorrect and with that ruled out synthesis by gas-phase association. Their concluding statement ushered in a lengthy period with emphasis on molecular synthesis on grain surfaces under a variety of conditions (3, (9) (10) (11) .
With the advent of molecular radioastronomy (12) the molecular character of giant molecular clouds could be examined. These are the largest structures within the galaxy, with spatial extent of tens of light years. They are essentially impenetrable by visible radiation. These clouds are of high density, up to 10 6 molecules cm Ϫ3 . The temperatures are low, in the range of 10-20 K. These are the objects in which stars are created. The chemistry therein appears to be dominated by cosmic rayinduced ion-molecule reactions (9) . As may be obvious, the density of the interstellar medium within a galaxy is highly heterogeneous. In this sense there is a further contrast between planetary atmospheres and interstellar media.
The chemistries of different regions reflect the local conditions of the region. The contemporary interstellar medium has both dust and gas. Consequently, the very important process of H atom recombination occurs on grain surfaces, in contrast to the prestellar early universe in which the heavier elements carbon, oxygen, magnesium, and silicon had not yet been formed by nucleosynthesis. There, H 2 is formed with the electron as catalyst in two steps, by the radiative association of H ϩ e ϭ H Ϫ followed by the fast ion-molecule reaction H ϩ H Ϫ ϭ H 2 ϩ e. The surface recombination of H atoms in interstellar clouds with low ionization appears much more efficient than electroncatalyzed formation. The difficulty in demonstrable surface reactions leading directly to gas-phase molecules at the interstellar condition of 20 K and H 2 ϭ 10 5 molecules cm Ϫ3 is severe. The essential problem is that for the dense molecular clouds with temperatures of 10-20 K, desorption from a grain surface is unlikely. It is, however, clear that in strongly heated regions many species appear in the gas phase. A good example of this is the abundance of interstellar water. The short-wavelength astronomical satellite (SWAS) (http:͞͞cfa-www.harvard.edu͞swas) has receivers dedicated to the transitions from low-energy states of H 2 O. In cold molecular clouds the abundance of H 2 O is found to be 10 Ϫ4 of CO (13). In heated regions such as the Orion hot core there is copious H 2 O emission (14) observed by the infrared satellite obser vator y (ISO) (http:͞͞isowww.estec.esa.nl͞ science) . Clearly, H 2 O is of considerable interest in planetary atmospheres. Its low abundance in the gas phase of cold molecular clouds must be noted. This is particularly interesting given the cosmic abundance ratio O͞C ϭ 2.3. After H 2 , CO is the second most abundant gas-phase species in interstellar clouds unlike planetary atmospheres. Although N 2 is relatively abundant, well traced by the ionic complex N 2 H ϩ , O 2 has not been observed. SWAS has set limits of O 2 ͞CO Ͻ 10 Ϫ3 , by means of its magnetic dipole-allowed transition. CO 2 can be detected by its ionic complex CO 2 H ϩ in cold molecular clouds; however, its abundance is quite low. It is nevertheless seen in heated regions by ISO. The protonated species, H 3 ϩ , HCO ϩ , H 2 COH ϩ , and HCNH ϩ , as well as N 2 H ϩ and CO 2 H ϩ , have been observed primarily by radioastronomy and are discussed later. Gas-phase synthesis schemes have been quite successful for elucidating the chemistry of giant molecular clouds (15) (16) (17) (18) . We examine extensions of this chemistry to involve molecular ionic clusters. This is quite natural because the importance of ion clusters in Earth's atmosphere was a dominant theme in the work of Eldon Ferguson (19) (20) (21) (22) . cosmic bodies. At the high densities characteristic of planetary atmospheres, formation of weakly bound complexes is likely, yet relatively high temperatures characteristic of Earth's and other dense planetary atmospheres such as Venus limit the lifetime and abundance of such complexes. In addition, spectroscopic signatures characteristic of weakly bound complexes are often masked by the absorption of the parent monomer. Using microwave and infrared spectroscopic information and theoretical chemistry, the thermodynamic properties of weakly bound molecular complexes have been estimated, and approximations to their atmospheric abundance have been attempted (23) (24) (25) (26) (27) (28) (29) as illustrated in Fig. 1 . Based on such abundance calculations, close-in, on Earth, the role of weakly bound molecular complexes has been proposed (23, 25, 30, 31) . A full description of thermodynamic properties is not possible because the appropriate theory of vibrational levels up to and above the dissociation limit for the complex is not yet available. These procedures seek to obtain the equilibrium constants for complexation, which are used to estimate their abundance. The estimates performed suggest that weakly bound van der Waals complexes (25, 32) (e.g., O 2 ⅐N 2 ), more strongly bound hydrogen-bonded clusters (23, 28, 33) Given theoretical estimates of relatively high abundances, it is somewhat surprising how few molecular complexes have been observed in planetary atmospheres. Only the hydrogen dimer has been identified in atmospheres of astronomical objects (Jupiter, Saturn, and Titan) through observations of the far-IR spectra of giant planets in the course of the Voyager space missions (40, 41) . In the terrestrial atmosphere, only the oxygen dimer (O 2 ) 2 (42, 43) (45) . The effect of temperature and pressure on the abundance, spectra, and dissociation dynamics of oxygen complexes revealed that the weakly bound metastable dimer of oxygen has an important effect on both the absorption cross section and photolysis rate of O 2 in the Herzberg continuum. At these high excitation energies, perturbations of the reactive potential energy surfaces in clusters alter the monomer's reaction dynamics. An important consequence of complex formation is the ability of the clustered reagents to use the excitation energy provided by the Sun in the UV with little loss through nonreactive processes. In the case of oxygen, the balance of odd (O ϩ O 3 ) and even (O 2 ) oxygen is altered with consequences to the concentration of stratospheric and mesospheric O 3 and OH. Laboratory quantum yields and model results have shown that this chemistry has only a small effect in Earth's mesosphere (45) .
The photochemistry of ozone in complexes with water has been proposed to lead to OH formation at lower excitation energies than the standard process that involves UV photolysis of ozone and subsequent reaction with water of the energetic photoproduct O( 1 D). The abundance of the complex is estimated to be greatest near the ocean surface, yet even in these environments only a small fraction, estimated at Ͻ0.001%, of ozone is complexed to water. The estimates also show that this seemingly insignificant fraction of hydrated ozone might be responsible for a few percent of atmospheric OH especially at high zenith angles (46) . The reaction in the complex effectively uses all of the excitation energy that has a red-shifted spectrum while its bimolecular counterpart dissipates much of the excitation energy in relaxation of O( 1 D) in collisions with N 2 and O 2 .
Water is the most significant greenhouse gas in Earth's atmosphere. Water complexes have been suggested as potential contributors to climate by their absorption in the mid-IR and the near-IR (31) . Water dimer has only recently been investigated and observed in the atmosphere (30, 44) . The estimates suggest that the vibrational overtone transitions of (H 2 O) 2 in the near-IR contribute as much as 3 W m Ϫ2 to absorption of solar radiation in the tropical atmosphere (31) . Additional absorption is expected from complexes such as O 2 ⅐H 2 O, N 2 ⅐H 2 O, CO 2 ⅐H 2 O, etc., but no experimental evidence exists to support such conjecture (32) . In the atmosphere of Earth, open-shell radical species, although present in small concentrations, are important intermediates in chemical reactions. Recent laboratory and theoretical work highlighted the properties of radical complexes with water with potentially significant chemical effects in the atmosphere (34) (35) (36) (37) 47) . In the D region of Earth's atmosphere, hydrated molecular clusters such as the protonated water cluster H 3 O ϩ (H 2 O) n have been observed (17, (19) (20) (21) (22) . Laboratory studies suggest that series of reactions starting with NO ϩ and O 2 ϩ , formed in the atmosphere by cosmic-ray ionization (48) , are responsible for their formation. Although the atmospheric ion concentration varies with altitude, the integrated 50-km column concentration was estimated at 10 14 m Ϫ2 , about six order of magnitude less than the estimated neutral water dimer concentration. Based on the laboratory IR spectra of cluster ions, one expects effects on climate through radiative transfer; yet given their small concentration, the effects could be small (48) . It is interesting to note that in a global warming scenario, a nonlinear (31) .
Molecular complexes of oxygen have been observed on the water-ice covered surfaces of Ganymede and Europa (49, 50). Odd oxygen production from oxygen dimer photolysis in the UV was used to explain ozone formation on these planetary moons. Observation of the Saturnian (Rhea and Dione) (51) and Galilean (Europa, Ganymede, and Callisto) (49, 50) moons with the Hubble space telescope's Faint Object spectrograph and Galileo's UV spectrograph identified condensed oxygen, oxygen dimers, and ozone. These observations have shown that dimer oxygen and ozone have opposite trends with latitude, implying a possible photochemical path between O 2 ⅐O 2 and O 3 trapped in ice on Ganymede.
Important climate effects result from the role of clusters (hydrates) in nucleation of aerosols and clouds. The role of ambient ionization in tropospheric aerosol formation has been discussed (52, 53) . Hydrates of sulfuric acid are major contributors to climate through formation of aerosols, ubiquitous in the terrestrial and Venusian atmospheres (52, 54) . Aerosols scatter solar radiation directly, and nucleate clouds, which scatter very efficiently radiation, back to space. The effect of aerosols on climate is potentially large, but as yet both the magnitude and the sign of the effect are poorly understood and under investigation (55) .
Interstellar Complexes
Molecular complexes play a large role in the chemistry of the interstellar medium, in particular in giant molecular clouds. Perhaps the most familiar type of molecular complex is the proton adduct of a stable saturated molecule. Adducts that have been observed are H 3 ϩ , HCO ϩ and its high-energy isomer COH ϩ , HN 2 ϩ , HCNH ϩ , OCOH ϩ , H 3 O ϩ , H 2 COH ϩ , and H-CCCNH ϩ . In every instance, the parent unprotonated species exists. In interstellar media, H 2 is the most abundant molecule, and CO appears to be second (56, 57) . In cool dense clouds, both HCN and HNC are observed in essentially equal abundance. Of particular interest and importance are HN 2 ϩ and HCO 2 ϩ . These species provide a means of determining the interstellar abundance of the nonpolar molecules N 2 and CO 2 . These complexes are very strongly bound and thus quite stable.
In dense molecular clouds where volume ionization is achieved by high-energy cosmic rays, the dominant initial process is ionization of H 2 (to H 2 ϩ ) and He, which account for Ͼ99% of the interstellar gas. The secondary reaction yielding complexes is H 2 ϩ ϩ H 2 ϭ H 3 ϩ ϩ H, which is exothermic by 165 kJ͞mol. The reactions of He ϩ with H 2 are considerably more exoergic but do not occur at the low cloud temperatures. The difficulty of facile conversion of electronic energy into nuclear kinetic energy has been discussed for the He ϩ , H 2 system, in terms of the location of the potential energy curve crossings. We remark that the lack of reactivity of He ϩ with the highly abundant H 2 lead to the facile production of C ϩ by the fast ion-molecule reaction of He ϭ with CO, the second most abundant interstellar molecule. The proton affinity of CO is considerably greater than that of H 2 leading to the conversion of H 3 ϩ to HCO ϩ , the most abundant molecular ion in dense interstellar clouds.
Quite clearly, the discussion of protonated molecules as molecular complexes of a molecule and a proton place these species in the class of standard strongly bound complexes. They play an important role in the chemistry of the interstellar medium for several reasons. First, this chemistry is kinetically determined. That this is true is shown by several examples. In cool regions (Ϸ20 K), the abundances of HNC and HCN are essentially equal. Because their energy difference is 65 kJ͞mol, this points to a far-from-equilibrium condition. Perhaps even more dramatic is the ratio of CO to CH 4 The question of other complexes is an interesting one. Most interesting is that of weakly bound species, van der Waals molecules, bound in a complex by Ͻ1 kJ͞mol. At first sight, their formation can be dismissed on the basis of the low molecular density of interstellar environments. The standard laboratory formation technique for such complexes is adiabatic expansion of a high-pressure gas mixture.
This scheme depends on three-body collisions. Because the density in a dense molecular interstellar cloud will be below 10 7 cm Ϫ3 , the feasibility of three-body processes can be discarded. This has suggested to many of us that the formation (and therefore existence) of weakly bound complexes is unlikely. Although these arguments sound persuasive, they ignore one essential difference between laboratory and interstellar chemistry, namely the much larger time scale available in interstellar space. In particular, radiative association is usually a slow process that is unlikely to be of importance in laboratory conditions where gas densities of 10 11 cm Ϫ3 or greater exist (58, 59) . Thus, the laboratory measurement of slow radiative association rates requires considerable care in avoiding three-body association. Because the relevant temperature for dense cloud chemistry is 10-20 K, experimental measurements under these conditions are relatively rare (60) .
The relation between radiative association and three-body association rates frequently has been discussed. The collision duration of the pair of interest is determined by the stabilization of the collision complex with helium encounters. The radiative association is then estimated by the emission rate during the lifetime of the collision complex (61) . The species forming the collision complexes of interest here are in their ground electronic states. These states are nondegenerate orbitally; thus, the emission is the result of vibrational transitions, which may be estimated (62) .
Below we consider possible candidates for both formation of weakly bound complexes and their observation. Because the abundance of a collision complex will depend on the abundances of the collision partners, their collision frequency, and the binding energy of the complex, it appears most likely that the attractive species are an ion and H 2 . The most abundant ion in dense molecular clouds is HCO ϩ . Thus, the species of interest initially is H 2 -HCO ϩ . This complex is well characterized spectroscopically (63). The radiative association
was thought initially to proceed efficiently to the stable protonated formaldehyde ion (64) . The enthalpy change for this process is 122 kJ͞mol. This was shown not to be the case, and instead the much higher energy form H 2 -HCO ϩ , a weakly bound complex, is the product observed in helium stabilized collisions (61 Ϫ1 . The observation of these interstellar complexes of HCO ϩ presents interesting difficulties. The abundance ratio clearly favors OC-HCO ϩ ; however, this species is quite nonrigid. The complex has a linear structure but proton tunneling, i.e., OC-HCO ϩ 7 ϩ OCH-CO, is readily estimated to be extremely facile. The barrier to this proton motion is estimated (K. Higgins and Z. Yu, personal communication) to be relatively low, 1,100 cm Ϫ1 . Thus the observable spectrum is not pure rotational but rotation tunneling. This species should be extremely interesting from a chemical viewpoint because it exhibits interconversion of a van der Waals (or hydrogen) bond and a covalent bond. In a sense, this is a gas-phase zwitterion.
The abundance of these species depends on the rate of radiative association. This has been estimated (61) ϩ is estimated to be two orders of magnitude smaller. Such estimates point to the likelihood that, in addition to strongly bound complexes of molecules with protons, weakly bound complexes may play a role in interstellar chemistry. A much more detailed theoretical analysis of the radiative association rate of H 2 -HCO ϩ is clearly of importance. It is likely that laboratory spectroscopic studies of these species, H 2 -HCO ϩ and OC-HCO ϩ , will provide the precision frequencies to allow astronomical searches. The further question of whether these species are useful intermediates for the synthesis of interstellar species such as H 2 CO depends most likely on their reactivity with H atoms as well as its abundance in dense molecular clouds. ϩ ). The stability of complexes varies with their bond dissociation energy, resulting in shallow potentials for weak van der Waals complexes stable only at low temperatures. The intermolecular interactions responsible for cluster formation modify the electronic structure, spectra, and reaction dynamics of the isolated precursors. Such complexes form readily in dense and low-temperature environments. In this review, we have discussed their formation and possible roles in planetary atmospheres (high density and high temperature) and in dense molecular clouds (low density and low temperature).
Concluding Remarks
Understanding the radiation budget of a planet and the effects of atmospheric greenhouse gases is crucial to developing predictive climate models. It has recently been proposed that small contributions may have a cumulative impact. We reviewed the interesting possibilities that in the terrestrial atmosphere, nonlinear spectroscopic contributions due to complexes of oxygen and of water may occur. Water clusters (H 2 O) n and hydrates of water with O 2 , N 2 , Ar, and CO 2 as well as complexes of oxygen (O 2 -O 2 , O 2 -N 2 , etc.) contribute through shifted and modified lineshapes caused by intermolecular interactions responsible for complex formation. Such contributions to the atmospheric ''continuum absorption'' have been estimated for the contemporary Earth and shown via general circulation models (GCM) to increase nonlinearly in a global-warming scenario. Laboratory and field data are now available to estimate the effects of water clusters in terrestrial atmospheric radiative transfer. An older literature exists proposing that molecular complexes are important in atmospheres of other cosmic bodies.
Hydrates of acids such as H 2 SO 4 -(H 2 O) n and HNO 3 -(H 2 O) n and ions like H 3 O ϩ -(H 2 O) n are responsible for nucleation of aerosols, formation of cloud condensation nuclei, and ultimately clouds, which scatter solar radiation back to space and provide a nonlinear cooling effect. Despite significant interest and research, insufficient information is currently available to understand nucleation in planetary atmospheres. We point out that aerosols and clouds provide a feedback mechanism able to counter to some as-yet-unknown extent warming due to greenhouse gases. The role of complexes in nucleation of aerosols and formation of clouds is relevant to planetary atmospheres, notably that of Venus. We have not touched on the interesting role of circumstellar molecular chemistries. The question of complex formation occurring in stellar outflows is relatively unexamined.
The role of gas-phase ion-molecule reactions in planetary and interstellar media has been recognized, yet limitations of gasphase processes have been noted in explaining observation of molecular species. In the low-density environments of molecular clouds, removal of excess energy via three-body collisions is unlikely because of the very low density. The question of whether ionic complexes with H 2 will form by radiative association in sufficient number to provide new reaction pathways is posed as a question here. We note that for gas-phase reactions, the level of both theory and experiment is high. The detection and identification of gas-phase species by rotational emission spectroscopy (www.ph1.uni-koeln.de͞vorhersagen) has an extremely high level of reliability if pursued in a serious manner. The recent experience (65) with the discredited detection of glycine (66) provides a useful example of the level of methodology required for reasonable certainty.
As thinking turned to gas-surface interactions and reactions, the lack of understanding of such processes, the low density of grains, and the incomplete knowledge of their composition and morphology, as well as the difficulty in proposing plausible mechanisms of removal of reaction products formed at low temperatures on the surface, remained challenging issues. We have discussed in this review the possibility that gas-phase molecular complexes provide an alternative chemical environment. It is plausible that such complexes can form in media relevant to interstellar chemistry and effectively carry their own third body for energy relaxation and molecular synthesis. Laboratory model compound studies in concert with direct astronomical observations are needed to elucidate the role of molecular complexes in ''close in'' planetary atmospheres and ''far away'' interstellar media. 
